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HAMP domains are widespread prokaryotic sig-
naling modules found as single domains or poly-
HAMP chains in both transmembrane and soluble
proteins. The crystal structure of a three-unit poly-
HAMP chain from the Pseudomonas aeruginosa
soluble receptor Aer2 defines a universal parallel
four-helix bundle architecture for diverse HAMP
domains. Two contiguous domains integrate to
form a concatenated di-HAMP structure. The three
HAMP domains display two distinct conformations
that differ by changes in helical register, crossing
angle, and rotation. These conformations are stabi-
lized by different subsets of conserved residues.
Known signals delivered to HAMP would be ex-
pected to switch the relative stability of the two
conformations and the position of a coiled-coil phase
stutter at the junction with downstream helices. We
propose that the two conformations represent
opposing HAMP signaling states and suggest a
signaling mechanism whereby HAMP domains inter-
convert between the two states, which alternate
down a poly-HAMP chain.
INTRODUCTION
For their survival, prokaryotes depend on two-component
signaling pathways to respond to changing environmental condi-
tions (Szurmant et al., 2007). Many of the proteins that underlie
these pathways contain HAMP domains, which function as
signal relay modules that couple motions of transmembrane
helices to the activity of a downstream cytoplasmic output
domain (Hazelbauer et al., 2008). HAMP domains were named
for the type of proteins in which they were originally identified:
histidine kinases, adenylyl cyclases, methyl-accepting chemo-
taxis proteins (MCPs), and phosphatases (Aravind and Ponting,
1999). However, they also occur with other types of output
modules, such as diguanylate cyclases and phosphodiester-
ases. The number and variety of signaling proteins in which
they are featured highlight the importance and versatility of
HAMP domains to prokaryotic signal transduction. The mecha-
nism by which HAMP domains propagate conformational
changes is of great interest for understanding how signals436 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All rightraverse membranes. In one of the best-studied examples,
HAMP domains are an essential component of transmembrane
chemoreceptors (MCPs), in which they connect the last trans-
membrane helix (TM2) to the cytoplasmic kinase-interacting
domain (Hazelbauer et al., 2008). Typically, transmembrane
receptors, like MCPs, contain a canonical HAMP domain as a
single unit (Figure 1). HAMP domains can be swapped inter-
changeably between different proteins without loss of function,
which suggests a conserved mechanism for propagating signals
(Appleman et al., 2003; Hulko et al., 2006; Zhu and Inouye, 2003).
HAMP subunits (50 residues) contain two a helices, AS1 and
AS2, bridged by a flexible connector of approximately 14 resi-
dues (Butler and Falke, 1998). NMR studies of an archeal
HAMP domain of unknown function (Af1503) demonstrated
that the HAMP domain folds into a parallel four-helix bundle
(Hulko et al., 2006). Each of the two helices is composed of a
typical heptad repeat (a–g), with hydrophobic residues in posi-
tions a and d forming a buried hydrophobic core. The flexible
connector spans the length of the four-helix bundle and contains
a motif of three critical residues that is found in most HAMP
domains (Ames et al., 2008; Hulko et al., 2006). Crosslinking
studies of the aerotaxis receptor Aer (Watts et al., 2008) and
the chemoreceptor Tar (Swain and Falke, 2007) confirmed the
parallel four-helix bundle architecture for the HAMP domains of
these well-studied proteins.
The mechanism of signal transduction by HAMP domains has
been extensively studied in the bacterial chemotaxis system and
with sensor histidine kinases. In the canonical HAMP systems of
MCPs and the histidine kinase NarX, signal input is received from
a transmembrane helix (TM2), attached to AS1, which undergoes
a ‘‘piston-like’’ motion induced by ligand binding to a periplasmic
sensing domain (Cheung and Hendrickson, 2009; Falke and
Hazelbauer, 2001). Alternatively, the TM2s of the phototransduc-
ing element NpHtrII have been shown to undergo both a hori-
zontal displacement and a 15 clockwise rotation after light
excitation (Moukhametzianov et al., 2006).
A number of mechanisms have been proposed to describe the
molecular motions of HAMP domains during signal transduction.
These models, which are not necessarily mutually exclusive,
encompass (1) a gearbox model involving a concerted rotation
of helices (Hulko et al., 2006), (2) a dynamic model of four-helix
bundle stability (Zhou et al., 2009), and (3) a scissor-like motion
with a change in helix-helix crossing angles (Swain and Falke,
2007). Additionally, a model based on cryoelectron microscopy
studies of chemoreceptor assemblies suggests HAMP domains
interconvert between a compact trimer of HAMP dimers and an
expanded form (Khursigara et al., 2008). In each case, HAMPts reserved
Figure 1. DomainArchitecturesofRepresentativeHAMP-Containing
Proteins
Schematic depicting the location of canonical HAMP domains and poly-HAMP
chains in transmembrane and soluble signaling proteins. Poly-HAMP chains
can extend from 2 to 31 consecutive HAMP domains. EcAer is shown bind-
ing to the histidine kinase CheA and coupling protein CheW, proteins that
also likely interact with PaAer2. GGDEF, diguanylate cyclases; EAL,
phosphodiesterases.
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HAMP Domain Signal Transductionsignaling can be described by a two-state model in which
modest structural changes separate states whose conforma-
tional stabilities are closely balanced in free energy.
Pseudomonas aeruginosa contains two transducers of aero-
taxis: PaAer is homologous to themembrane-bound Escherichia
coli aerotaxis receptor Aer, whereas the second, PaAer2, lacks
transmembrane helices and is a soluble receptor (Figure 1)
(Hong et al., 2004). Aer2 contains a heme-binding PAS domain,
which can signal in response to diatomic gases (K.J.W., unpub-
lished data). A total of five HAMP domains are predicted in the
full-length protein, with three N-terminal and two C-terminal to
the PAS domain. The Aer2 HAMPs belong to a group of divergent
HAMPs recently identified in the gene sequences of a large
number of diverse bacteria (Dunin-Horkawicz and Lupas,
2010). Poly-HAMP chains (composed of repeating HAMP units)
and soluble receptors, such as Aer2, are typically composed of
divergent HAMP domains (Figure 1). The C terminus of Aer2
contains a cytoplasmic signaling region with a high degree of
similarity to E. coli chemoreceptors which likely couples the
protein to the histidine kinase CheA and other components of
the chemotaxis pathway (Hong et al., 2004).
Here we present the crystal structure of the N terminus of the
soluble aerotaxis receptor Aer2 from P. aeruginosa which con-
tains three HAMP domains and represents the first structure
of a di-HAMP unit. These three structures confirm the univer-
sality of the parallel four-helix bundle structure and provide
a view of the diverse, low-energy conformational states available
to HAMP domains. The two HAMP domains composing the
di-HAMP unit share an extensive and interwoven interface toStructure 18,produce a concatenated signaling unit. The structure reveals
the presence of two distinct conformations of HAMP domains,
which are differentiated by changes in helical register, rotation,
and crossing angle.
RESULTS
Structure Determination and Overall Description
Sequence analysis of the N-terminal region of Aer2 (1–172) pre-
dicts that this region contains three successive HAMP domains.
We overexpressed this fragment of Aer2 in E. coli and obtained
a soluble dimer that was amenable for crystallization. Crystals of
Aer2 1–172 (space group P43212, a = b = 114.0 A˚, c = 64.3 A˚)
grew in 1.1 M Li2SO4, 15%–18% glycerol, 0.1 M Tris (pH 8.5),
and diffracted to 2.64 A˚. The structure was determined by multi-
wavelength anomalous diffraction (MAD) using selenomethio-
nine protein crystals and refined to an R factor of 0.237 and an
Rfree of 0.270 (Table 1).
The structure of Aer2 1–172 is a symmetric dimer containing
three HAMP domains (Figure 2), each similar to the NMR struc-
ture of Af1503. The basic construction of each HAMP domain
consists of a monomeric unit of two parallel a helices (AS1 and
AS2) joined by an elongated connector of 12–14 residues
(Figure 3). This unit dimerizes and coils around a central super-
coil axis to form a parallel four-helix bundle. The residues of
the heptad repeat point inward, forming a buried core, with the
remaining residues exposed to the solvent to varying degrees.
A helical insert separates HAMP1 and HAMP2, whereas
HAMP2 and HAMP3 share a continuous helix, creating an
interwoven, concatenated di-HAMP structure (Figure 2).
Two Distinct HAMP Conformations
The Aer2 HAMP domains each adopt a unique four-helix bundle.
However, the three structures fall into two distinct structural
conformations. Superposition shows that HAMP1 and HAMP3
adopt a conformation resembling Af1503, with only minor differ-
ences in helical tilt and orientation (Figure 4). In this conforma-
tion, the AS1 and AS2 helices are in-register, and the side chains
that form the hydrophobic core are positioned in the same plane
to produce four layers of interacting residues (Figure 3).
A defining feature of coiled coils is the position and direction of
side-chain packing. Typically, coiled coils make knobs-into-
holes interactions in which the side chains of one helix occupy
a hole formed by a set of interacting residues on an adjacent
helix. Af1503 contains unusual x-da packing, with one set of
side chains directed toward the supercoil axis, in an ‘‘x’’ position,
and a second set forming a ring of interacting residues, in ‘‘da’’
positions. The HAMP1 and HAMP3 side chains do not conserve
the x-da packing mode and adopt a variety of packing arrange-
ments, including knobs into holes (a-d), x-da, and x-x layers
(Figures 5 and 6). HAMP1, HAMP3, and Af1503 belong to
different HAMP groups, based on sequence analysis (Dunin-
Horkawicz and Lupas, 2010), and each group may adopt
a different packing mode to stabilize a similar four-helix bundle
conformation. Overall, the variety of packing modes observed
demonstrates that exclusive x-da packing is not a necessary
structural feature of all HAMP domains.
The conformation of HAMP2 is distinct and represents a
possible alternative signaling state of HAMP domains. The436–448, April 14, 2010 ª2010 Elsevier Ltd All rights reserved 437
Table 1. Data Collection, MAD Structure Solution, and Refinement Statistics
Native Se-Met Peak Se-Met Inflection Se-Met Remote
Data Collection
Wavelength (A˚) 0.97918 0.97857 0.97914 0.95682
Space group P43212
Cell parameters (A˚) a = b = 114.0, c = 64.3
Resolution (A˚) 502.64 (2.692.64) 503.15 (3.203.15) 503.42 (3.483.42) 503.25 (3.313.25)
No. of reflections 90,969 54,421 43,482 50,373
No. of unique reflections 12,812 13,826 10,963 12,741
Completeness (%) 97.7 (99.2) 97.2 (99.2) 97.7 (100.0) 97.8 (99.8)
Rsym
a 0.049 (0.411) 0.099 (0.433) 0.108 (0.433) 0.084 (0.464)
I/s(I) 38.4 (4.5) 12.1 (3.2) 13.2 (3.1) 16.3 (2.9)
MAD Structure Solution
Resolution cutoff (A˚) 3.42
No. of anomalous sites found 4 (of 4)
Mean figure of merit 0.73
Overall Z score 40.8
Refinement
Resolution range (A˚) 402.64
R factor (%) 23.7 (43.9)
Rfree (%) 27.0 (46.2)
Atoms (protein, solvent) 1231, 44
Mean B values (A˚2)
Overall 75.0
Main chain 63.2
Side chain 61.0
Rmsd from ideal
Bonds main chain (A˚) 0.032
Bonds side chain (A˚) 0.281
Angles main chain () 0.6
Angles side chain () 1.2
Ramachandran plot (%)
Most favored 93.6
Additionally allowed 6.4
Generously allowed 0.0
Disallowed 0.0
Missing residues 158–172
Data for outermost resolution shell are given in parentheses. Rmsd, root-mean-square deviation.
a Rsym = SSj jIj  <I>j/SSjIj.
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HAMP Domain Signal Transductionunique conformation of HAMP2 arises from a combination of
structural differences that affect the intra- and intersubunit
side-chain interactions, helix-connector interactions, and intra-
and inter-helix-helix crossing angles. The most notable change
is an offset of the helical register between the AS1 and AS2
helices by half a helical turn (2–3 A˚), which staggers the side
chains that form the buried core (Figure 3). The loss of interacting
residue layers essentially leads to the formation of a two-
stranded coiled coil of the AS2 helices. The AS1 helices also
supercoil around the same axis but they have limited interactions
with each other.
The crossing angles of the HAMP2 helices change drastically
compared with the other HAMP domains, with the AS1 helices
flaring out away from the supercoil axis and packing against the438 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All righAS2 helices in a ridges-into-grooves manner (Figure 3). In turn,
the AS2 helices rotate into a parallel position. Although the
different packing modes of the Aer2 HAMP domains preclude
an exact quantification, a general clockwise rotation of AS1 and
counterclockwise rotation of AS2 relates HAMP2 to HAMP1/3.
The rotation of AS1 and AS2 in opposite directions turns the
side chains forming dimer contacts outward. This increases
the solvent exposure of residues at the dimer interface in AS1,
which flares out, but not those of AS2,whichmove inward toward
the supercoil axis (Figure 6; see Figure S3 available online).
These changes in HAMP2 combine to form a trapezoidal
four-helix bundle (Figure 4A). This helical rearrangement is
directly coupled to an increased integration of a connector
residue, I88, into the hydrophobic core of HAMP2. To ourts reserved
Figure 2. Crystal Structure of the Aer2 N-Terminal Domain Contains
Three Successive and Interwoven HAMP Domains
Ribbon representation of the Aer2 (1–172) dimer with HAMP1 (AS1, light blue;
AS2, blue), HAMP2 (AS1, orange; AS2, yellow), and HAMP3 (AS1, light purple;
AS2, purple). HAMP2/3 forms a concatenated structure. AS2 of HAMP1 is
contiguous with AS1 of HAMP2, and AS2 of HAMP2 is contiguous with AS1
of HAMP3. HAMP3 is rotated roughly 90 relative to HAMP1 and HAMP2.
Structure
HAMP Domain Signal Transductionknowledge, HAMP2 is a unique parallel four-helix bundle that
displays an offset ridges-into-grooves interaction; however, the
structure of HAMP2 bears some resemblance to the three-
stranded coiled coil of spectrin (Yan et al., 1993).
Role of the Connector in Stabilizing Alternative
Conformations
Additional structural variations are found in the position and
interactions of the conserved HAMP connector motif. This motif,
Gly-x-HR1-x-x-x-HR2, contains two hydrophobic residues
(HR1 and HR2) and begins immediately after AS1 (Figure 5). An
extensive mutagenesis analysis of the connector region of the
E. coli serine chemoreceptor (Tsr) found that these residues
(Gly, HR1, and HR2) were the only critical residues for function
(Ames et al., 2008). Mutation of G235 in Tsr to nearly any other
residue led to an altered or complete loss of chemotaxis in
E. coli cells that contained Tsr as the only chemoreceptor. Simi-
larly, mutation of L237 (HR1) and I241 (HR2) to hydrophilic or
small hydrophobic residues also led to complete loss of function.
These residues each perform a significant role in stabilizing the
Aer2 HAMP structures, but different subsets of these conserved
HAMP residues play more prominent roles in stabilizing the two
distinct conformational states.
In both conformations, the Gly residue located at the
C terminus of AS1 provides the flexibility to accomplish a sharpStructure 18,turn, with each Gly adopting 4/c conformations disallowed by
other amino acids. In the similar conformations of HAMP1 and
HAMP3, the first hydrophobic residue of the motif, HR1 (L29:
HAMP1; F140: HAMP3), stabilizes each structure by packing
against a conserved residue of the heptad repeat in an ‘‘a’’ posi-
tion at the end of AS2 (L55: HAMP1; L155: HAMP3) (Figure 4C).
In contrast, the HAMP2 AS2 helices rotate counterclockwise to
place His111 (which occupies the conserved heptad position)
in a ‘‘d’’ position where it cannot interact with I84 (HR1) of the
same subunit. The counterclockwise rotation of AS2 instead
brings I112 in close proximity to I84 (HR1). These structural
changes are located at the C-terminal end of the HAMP domain,
where the conformation of AS2 must relay signal output to a C-
terminal domain.
Drastic conformational differences are observed in the posi-
tion and interactions of HR2 among the three HAMPs (V33:
HAMP1; I88: HAMP2; M134: HAMP3). These changes reflect
the wide conformational variability and flexibility of the
connector. Each interaction serves to stabilize the particular
HAMP structure in a different way, which points to a concerted
rearrangement of helical structure and connector interactions
during conversion between HAMP signaling states. Variable
extensions of the connector, combined with different helical tilts
in the three conformations, allow HR2 to interact with different
layers of the HAMP structure. In HAMP1, V33 (HR2) packs
against the protein backbone and hydrophobic residues of layer
3: L21 and L48 (Figure 3). In HAMP3, amore extended conforma-
tion positions M134 (HR2) above layer 3, and the side chain of
Met134 points upward to make contact with V122 and I148 in
layer 2 (Figure 3). Again, HAMP2 adopts a more divergent
conformation, fully inserting I88 (HR2) between AS1 and AS2,
where it makes hydrophobic contacts with residues above and
below (L68, A101, L72, V104, M75, and V108) (Figure 3). The
position of I88 in HAMP2 reveals why HR2 has such a critical
role for HAMP function and suggests that other HAMP domains
may utilize a similar interaction.
Complementary to the roles of HR1 and HR2, the connector
stabilizes each HAMP domain through hydrogen-bond interac-
tions. These interactions do not involve the noncritical side
chains of the connector but rather occur primarily between the
side chains of AS2 and the connector peptide backbone. For
HAMP1 and HAMP3, the resulting structural outcome is a close
association of the connector with the AS2 helix (Figure 7). In
contrast, the HAMP2 connector resides between AS1 and AS2
(N-terminal toHR2) and isclosely associatedwithAS2 (C-terminal
of HR2). At the center of this junction is N105 in AS2, which
hydrogen bonds to the carbonyl oxygen and the amide nitrogen
of the I88 (HR2) peptide backbone. The Asn side chain is highly
conserved in homologous Aer2 HAMP2-3 units (Figure S3), and
is ideal to link conformational changes of AS2 with a rearrange-
ment of the connector. This may explain why Asn is prevalently
found in this position for many HAMP domains (Dunin-Horkawicz
and Lupas, 2010). TheHAMPdomains ofMCPsare an exception,
but the substituted residues are capable of hydrogen bonding
(e.g., Arg or Ser) and could perform a similar function.
Threaded HAMP Sequences
The differences in helix orientation and side-chain packing
between the Aer2 and Af1503 HAMP domains prompted us to436–448, April 14, 2010 ª2010 Elsevier Ltd All rights reserved 439
Figure 3. Structures of the Aer2 HAMP Domains
Side and top views (90 rotation) of individual Aer2HAMPdomainswith buried side chains (carbon, yellow to red; nitrogen, blue; sulfur, green). HAMP1andHAMP3
side chains are in-register and HAMP2 side chains are offset. HAMP2 has an unusual trapezoidal shape (as viewed from the side) and rhombic arrangement of
helices in cross-section. The position of the connector and hydrophobic residue 2 (HR2) correlateswith changes in helical register, helix crossing angle, and helical
rotation. I88 (HR2, HAMP2) inserts between AS1 and AS2, and V33 (HR2, HAMP1) and M134 (HR2, HAMP3) pack against the periphery of AS1 and AS2.
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HAMP Domain Signal Transductiontest whether each HAMP sequence was specific for only one
HAMP conformation. The Rosetta program is a powerful tool
that has been used to evaluate the compatibility of protein
sequences with different three-dimensional structures (Ambrog-
gio and Kuhlman, 2006; Das and Baker, 2008). Using Rosetta
Design, which applies a potential function incorporating terms
for stereochemistry, sterics, solvation, and electrostatics (see
Experimental Procedures for a more detailed description), each
sequence was threaded onto all four known HAMP conforma-
tions to generate one native and three altered conformations.
The threaded structure was given a score, in Rosetta energy
units (REUs), that represents the compatibility of each sequence
and associated side-chain conformations with the experimen-
tally determined fixed backbone structure.440 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All righThe HAMP1, HAMP3, and Af1503 structures, which all share
the in-register conformation but contain different packingmodes
(e.g., x-da, x-x), had comparable REUs for their native sequence
butmuch higher scoreswhen threadedwith the other sequences
(Table 2). This indicates that each HAMP sequence favors
a specific packing mode to stabilize a common conformational
state. In contrast, the HAMP2 sequence was compatible with
the out-of-register structure of HAMP2 and the in-register
structure of HAMP1. This suggests that HAMP2 could adopt a
conformation similar to HAMP1 during signal transduction.
When the HAMP3 and Af1503 sequences were threaded onto
the HAMP2 structure, the resulting REUs were only slightly
higher than with their native structures. This suggests that a
HAMP2 conformation would be accessible for the HAMP3 andts reserved
Figure 4. Superposition of HAMP Struc-
tures Reveals Two Distinct Conformations
for Providing Different Signals to Down-
stream Domains
(A and B) Ribbon representation of HAMP super-
positions in (A) side and (B) top views displaying
differences in helix orientation between overlap-
ping HAMP1, HAMP3, and Af1503 (AS1, light
green; AS2, turquoise) helices and distinct confor-
mation of HAMP2 (AS1, orange; AS2, yellow) with
offset helices, change in helix crossing angles
(black arrows), and the inserted HR2 (I88, red)
residue (black circles). Note the vertical displace-
ment of AS2 relative to AS1.
(C) Distal region of HAMP domains where signal
output is directly linked to the conformation of
AS2. His111 (HAMP2) occupies a typical ‘‘d’’
position, but the analogous residue in other
HAMPs (L55, HAMP1; L155, HAMP3; L326,
Af1503) holds an ‘‘a’’ position, where it interacts
with hydrophobic residue 1 (HR1) of the connector.
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HAMP Domain Signal TransductionAf1503 sequences. In contrast, HAMP1 did not thread well onto
the distorted four-helix bundle of HAMP2, which may indicate
that HAMP1 could adopt a HAMP2-like structure, but only with
an altered backbone conformation and packing mode.
We then threaded the sequences of other canonical HAMP
domains of unknown structure onto each known structure.
Again, each sequence was most compatible with only one of
either the HAMP1, HAMP3, or Af1503 structures, supporting
the hypothesis that each HAMP domain sequence favors a
distinct packing mode (Table 2). Interestingly, all the sequences
threaded well onto the HAMP2 structure, with REUs close in
value to the lowest score obtained from HAMP1, HAMP3, or
Af1503. This may be a reflection of the more expanded confor-
mation of HAMP2, which allows for a greater degree of freedom
in side-chain size. For these reasons, one could expect a
HAMP2-like structure to be more dynamic than a HAMP1,
HAMP3, or Af1503 conformation. Overall, the threading analysis
suggests that both canonical and divergent HAMP sequences
are compatible with both an in-register conformation and a
more dynamic, out-of-register, HAMP2-like conformation.
The Concatenated Di-HAMP2-3 Unit
Concatenated HAMP2-3 gives the first view of a di-HAMP struc-
ture and provides insight into signal transduction by poly-HAMP
systems. HAMP2 and HAMP3 not only share a contiguous helix
but their interface is also highly interwoven. The side chains of
K115 and K141 in HAMP3 are directed upward and insert intoStructure 18, 436–448, April 14, 2010the HAMP2 structure to form a polar
pocket with H79 and H111 (Figure S1).
Sequence analysis of homologous Aer2
HAMP2-3 units reveals a high degree of
residue conservation at this interface
(Figure S2). Two conserved Gly residues
at both the beginning and end of the
connector are necessary to achieve the
close proximity between HAMP2 and
HAMP3. A number of hydrogen bondsare formed between HAMP2 and HAMP3, including one
between the connector peptide backbones of G82 and K140,
and others between various side chains (Figure S1). Structurally,
these twoHAMPdomains are highly integrated andmay function
as a single unit containing two opposing conformations.
Unlike the interwoven HAMP2-3 unit, a helical insert separates
HAMP1 and HAMP2 of Aer2. However, analysis of 132
sequences homologous to Aer2 1–156 (identified using pBLAST)
found that Aer2 was the only protein containing this helical linker.
Thus, this element is unlikely to be functionally important. Alto-
gether, signal transduction through poly-HAMP systems is
most likely to involve concerted structural changes that propa-
gate through concatenated, repeating units.
Output Mechanism Involving ‘‘Stutter Compensation’’
Insight into how HAMP domains may propagate signals down-
stream is gained by examining the similar heptad discontinuities
between continuous AS2 and AS1 helices of the concatenated
HAMP2/3 unit and between canonical AS2 helices and down-
stream output helices (OHs) (Figure 8). As discussed for other
HAMP sequences (Stewart and Chen, 2010; Zhou et al., 2009),
at both of these junctions the heptad repeat of continuous
helices contains a ‘‘stutter’’ (Lupas and Gruber, 2005), differing
by the insertion of four (or deletion of three) residues. In Aer2
HAMP2, this stutter occurs at the end of AS2. It alters the heptad
position of H111 to a ‘‘d’’ position (Figure 4) and aligns the heptad
repeat to match that of AS1 of HAMP3 (Figure 8). However, inª2010 Elsevier Ltd All rights reserved 441
Figure 5. Residue Conservation and Packing Modes of HAMP Domains
Sequence alignment of representative HAMP domains: Aer2, Af1503, EcTsr, and EcAer, showing conservation of the buried core (blue) and connector motif (red)
residues (top). The bottom panel denotes the heptad position of core residues (a, d, e, g, z = undefined; x = directed at supercoil axis), as defined by TWISTER, in
a variety of packing modes: a-d, x-da (x-ga or x-de), and x-x. Sets of interacting residues are color-coded to highlight the side chains of HAMP1, HAMP3, and
Af1503 (in-register) and HAMP2 (offset). ‘‘g’’ and ‘‘h’’ correspond to conserved residues of the connector motif and are also color-coded with the layer of
interacting residues. The position of the conserved proline residue (purple) in canonical HAMP domains corresponds to residues that occupy different heptad
positions (peach) in alternative HAMP conformations. Aer2 HAMPs conserve Gly residues (peach) at the beginning of AS2, which allows close association of
domains in a poly-HAMP chain, compared with the DExG motif of canonical HAMPs (purple).
Structure
HAMP Domain Signal TransductionHAMP1/3, the same residue (L55/L155) is in an ‘‘a’’ position and
will thus offset the heptad repeat of a continuous coiled coil from
ideal packing. To compensate for the offset, the stutter could
shift to an OH or an AS1 of a downstream HAMP, as observed
in AS1 of HAMP2 (Figure 8). Critical residues at these junctions
may alternately occupy a core heptad position (a or d) to a
more solvent-exposed position (e or g).
Despite the AS2 stutter realigning the heptad repeat, it may
not stabilize packing of downstream helices because accommo-
dation of the stutter couples both helix rotation and translation to
the formation of a kink at the junction of HAMP2/3 (Figure 2).
Such a kink could alter OH packing and is consistent with the
recently proposed ‘‘yin-yang’’ mechanism for MCP signaling,
where adjacent coiled-coil domains reciprocally influence their
helix-helix packing stability (Swain et al., 2009). Notably, in
MCPs, a functionally critical Pro residue at the input junction
may facilitate a similar helix bending through loss of amain-chain
hydrogen bond (Figure 5).
DISCUSSION
A Common Signaling Mechanism
Support for a common signaling mechanism among HAMP
domains comes from the fact that HAMP domains from various
proteins can be swapped interchangeably to produce functional
chimeras (Appleman et al., 2003; Hulko et al., 2006; Zhu and
Inouye, 2003). However, signal input into HAMP domains seems
to involve several alternative modes of input. In MCPs, which
contain a single canonical HAMP domain, ligand binding to
a periplasmic sensing domain generates a piston-like motion
in the C-terminal helix that continues through the connecting
transmembrane helix (TM2) to the HAMP domain (Falke and442 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All righHazelbauer, 2001). For native Tar, ligand binding is negatively
cooperative and produces an asymmetric, downward motion
of TM2 from one subunit. Nevertheless, Tar does not require
an asymmetric signal and functions when the input signal is
contrived to be symmetric (Draheim et al., 2005; Miller and Falke,
2004). For the histidine kinase NarX, nitrate binding occurs
between the two periplasmic sensing domains, resulting in a
symmetric 1 A˚, upward shift of the periplasmic C-terminal
helices, presumably pulling TM2 upward (Cheung and Hendrick-
son, 2009). Domain swapping of the periplasmic domains of Tar
andNarX results in a reverse output, consistent with the opposite
displacement of TM2 (Ward et al., 2002).
Signal input to HAMP can also occur in other ways. The TM2
helices of NpHtrII, a phototransducing module from Natronomo-
nas pharaonis, undergo a horizontal displacement and rotation
upon light excitation (Moukhametzianov et al., 2006; Wegener
et al., 2001), and the HAMP domain of Aer receives signal input
from side-on interactions with an adjacent PAS domain (Taylor,
2007). In poly-HAMPs, signal input has not been biochemically
characterized but most likely occurs through connecting HAMP
subunits due to the highly interwoven nature of concatenated
HAMPs. In our view, proposed HAMP signaling mechanisms
should be consistent with the variable modes of input received
by HAMPs.
A Model for HAMP Signal Transduction
The alternate structure of HAMP2 suggests a mode of signal
transduction involving a change from an in-register four-helix
bundle to a distorted, HAMP2-like structure. Helical displace-
ment and rotation are two known signal inputs into HAMP that
could readily shift the equilibrium between states. Both inputs
merge into a screw-like motion required to interconvert HAMPts reserved
Figure 6. Side-Chain Interactions of Aer2
HAMP Domains
Cross-sections of the Aer2 HAMP domains dis-
playing a variety of side-chain packing modes:
a-d, x-da (x-ga or x-de), and x-x. Clockwise and
counterclockwise rotations of AS1 and AS2 alter
the corresponding side-chain positions (color-
coded) in HAMP2 compared with HAMP1 and
HAMP3. These changes generate a greater helix-
helix separation that increases the overall solvent
accessibility of HAMP2 residues at the interhelix
interface (Figure S3). Side chains of HAMP2 do
not occupy the same plane due to a change in
helical register; they are shown with the nearest
layer. Helices are viewed with the N terminus
pointing toward the viewer.
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HAMP Domain Signal Transductionconformations. The compatibility of HAMP domains with dif-
ferent signal inputs could be derived from a combination of
structural rearrangements between opposing signaling states.
The altered heptad pattern at the distal end of AS2 indicates
that a HAMP2-like state would deliver a different conformational
signal from a C-terminal output domain compared with HAMP1
or HAMP3. The identical heptad discontinuity at the C terminus
of canonical and poly-HAMP domains suggests a shared output
mechanism and mode of signal transduction. We propose that
canonical and poly-HAMP systems utilize a similar signaling
mechanism and convert between the similar conformations of
HAMP1, HAMP3, and Af1503 to a conformation resembling
HAMP2.Structure 18, 436–448, April 14, 2010Poly-HAMP Chains
The structure of concatenated HAMPs,
as revealed here, raises the interesting
mechanistic question of how a signal is
propagated through a poly-HAMP chain.
Concatenation creates a heptad disconti-
nuity at the junction of HAMP2/3 and
forms the basis for a proposed stutter
compensation mechanism. This model is
consistent with the stutters that cause
a heptad shift in both AS1 and AS2 of
HAMP2. Assuming that, under physiolog-
ical conditions, HAMPs exhibit a two-
state switching mechanism, each HAMP
domain would be capable of visiting one
of two states: A or B. This model predicts
that in poly-HAMP chains, repeating
HAMP domains would assume alternat-
ing conformations (A-B-A-.) and inter-
convert in a binary fashion (B-A-B-.)
(Figure 9). Two additional points support
thismechanism. First, theHAMPdomains
of Aer2 abide by this pattern, with HAMP2
and HAMP3 assuming distinct conforma-
tions. Second, amplification of poly-
HAMPs typically occurs in sets of two
(Dunin-Horkawicz and Lupas, 2010). An
alternating mechanism would require the
addition of an even number of units tomaintain the sign of the signal output. If this is true, any two
concatenated HAMP domains would occupy opposing signaling
states at a given moment. Consequently, the di-HAMP structure
of HAMP2/3 may provide a snapshot of two HAMP signaling
states with reversed signal output.
The shared helix and extensive contacts between HAMP2
and HAMP3 suggest poly-HAMP chains propagate signals
through concerted rearrangements. Interconversion between
the alternative conformations in our structure results in a
displacement and rotation of AS1 and AS2 in opposite direc-
tions, consistent with a concerted motion in poly-HAMPs (Fig-
ure 9) and not unlike the proposed ‘‘gearbox’’ model (Hulko
et al., 2006). For homologous Aer2 HAMP2-3 units, the mostª2010 Elsevier Ltd All rights reserved 443
Figure 7. Hydrogen-Bonding Interactions between the Connector
and Helices Stabilize the Aer2 HAMP Domains
Variable hydrogen-bonding interactions and associations between the
connector (peptide backbone) and helices (Ca trace) stabilize the different
conformations of (A) HAMP1, (B) HAMP2, and (C) HAMP3. N105 hydrogen
bonds (dotted line) with the peptide backbone to stabilize the position of the
inserted I88 residue (hydrophobic residue 2; HR2) in HAMP2 (inset in B). R49
forms a hydrogen-bonding network with the connector peptide backbone
and two water molecules (red). The peptide backbone of V33 (HR2) in HAMP1
interacts with a chlorine atom (green) (inset in A). D149 of HAMP3 interacts
with a water molecule (red) that bridges to the amide nitrogen of M134 (HR2)
(inset in C).
Table 2. Relative Threading Scores for HAMP Sequences onto
Known Conformations
Protein Conformations
Sequences HAMP1 HAMP2 HAMP3 Af1503
Hamp1 38a 2047 1347 5510
Hamp2 358a 74a 2792 1001
Hamp3 1555 564a 145a 2599
Af1503 1085 304a 1667 148a
Aer 2016 613a 1615 6773
Mt Rv3645 212a 506a 937 4616
NarX 1757 416a 490a 1298
Tar 1985 486a 431a 3000
Tsr 1606 459a 255a 885
Numbers refer to the Rosetta Design score, given in Rosetta energy units
(REUs), with lower scores being more stable.
a The lowest score for each Aer2 HAMP conformation A and B.
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HAMP Domain Signal Transductionconserved residues were those involved in interdomain con-
tacts. The presence of Gly residues at the beginning and end
of the connector allows for the HAMP2-3 subunits to come close
enough together to hydrogen bond. Structurally, these Gly resi-
dues differentiate the Aer2 HAMPs from canonical HAMPs
(which contain a DExG motif at the beginning of AS2) (Figure 5)
and have been identified as a common feature of most divergent
HAMPs (Dunin-Horkawicz and Lupas, 2010).444 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All righThe Gearbox Model
The gearbox model is based on the observed x-da packing of
Af1503, which has been proposed to convert into knobs-into-
holes packing by a concerted 26 rotation of the helices (Hulko
et al., 2006). However, the structures of HAMP1 and HAMP3
do not adhere to the uniform x-da packing modes upon which
this model is based, although HAMP1 and HAMP3 produce the
same position of the AS2 helices as seen in Af1503. In addition,
sequence threading of other HAMP domains indicates that each
HAMP sequence would favor a different packing mode to stabi-
lize the same general conformation. Rotation of AS1 and AS2 in
HAMP2 compared with HAMP1/3 does reflect an important
feature of the gearbox model; however, large helix translations
accompany the rotations.
Evidence for a HAMP2 Conformation in Canonical
HAMP Domains
Helix-connector interactions distinguish HAMP domains from
other four-helix bundles and play important roles in all known
HAMP structures. A recent study identified the hydrophobic resi-
dues (HR1 and HR2) of the connector motif as critical to HAMP
function (Ames et al., 2008). Different sets of these critical resi-
dues have prominent roles in stabilizing the alternative structures
of our two-state model. In HAMP2, the conserved connector
residue HR2 (I88) is the central residue in a hydrophobic pocket
formed between the off-register AS1 and AS2 helices. In com-
parison, the corresponding residue in HAMP1 (V33), HAMP3
(M134), and Af1503 (V303) plays a less prominent role and packs
weakly against the four-helix bundle. Thus, the high conservation
of HR2 is more easily understood from the role it has in HAMP2,
suggesting that other HAMP domains may adopt a conformation
similar to HAMP2. In contrast, HR1 plays a more prominent role
in stabilizing the in-register HAMP conformation and directly
interacts with an output residue in AS2 whose heptad position
may correlate with signal output.
Biochemical studies also provide evidence for a HAMP2-like
conformation in canonical HAMP domains. A study aimed at
obtaining secondary and tertiary structure information used a
library of single cysteine residue substitutions to assay residue
proximity in the HAMP domain of the aspartate chemoreceptorts reserved
Figure 8. Output Mechanism Involving ‘‘Stutter Compensation’’
(A) Model for signal transfer that shifts the position of a stutter on either side of the AS2 junction with AS1 (poly-HAMPs) or output helices (OH) of canonical HAMP.
Helical junctions are shown for representative HAMPdomains and Aer2 HAMP2-3. Stutters (bold) are defined as either an insertion of four residues or a deletion of
three residues in the heptad repeat (a–g) and affect adjacent residues (yellow highlight). Residues at the junction switch heptad positions (black highlight) and are
compatible with different heptad positions. This model predicts that Aer2 HAMP2 contains a stutter (shown in bold) in AS1 (bottom sequence). Whereas the
heptad assignments in HAMP2 AS1 are as shown, the splayed helices of AS1 do not generate a true hendecad repeat but do contain an elongated i to i+4
(E66–A70) hydrogen-bond distance (3.5 A˚) typical of stutters.
(B) Helical wheel diagrams of AS2 helices in conformation A (HAMP1/3) and B (HAMP2) highlighting the helical rotation and translation associated with a stutter
(dotted line) in AS2.
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HAMP Domain Signal TransductionTar (Butler and Falke, 1998). Symmetric disulfide bonds were
formed at a significantly faster rate between residues of the
AS2 heptad repeat. HAMP domains are highly dynamic (Doeb-
ber et al., 2008), and the rapid degree of crosslinking suggests
that structural oscillations bring the AS2 helices, but not the
AS1 helices, into close proximity, as observed in the HAMP2
conformation. Electron paramagnetic resonance studies of
NpHtrII found that the HAMP domain oscillates between two
conformations: one resembling the compact Af1503 structure
and another corresponding to a more expanded, solvent-
exposed conformation (Doebber et al., 2008). The most dynamic
region of NpHtrII was the C-terminal region of AS1, an observa-
tion consistent with the separation of AS1 from the bundle in the
highly trapezoidal structure of HAMP2.
Sequence Divergence
Although canonical and divergent HAMP domains conserve
residue types in positions important for bundle formation
(hydrophobic residues of the heptad repeat) and connector
interactions (G-x-HR1-x-x-x-HR2), sensitiveHMM-HMM(hidden
Markovmodels) are needed to recognizemanydivergentHAMPs
(Dunin-Horkawicz and Lupas, 2010). Thus, canonical and diver-
gent HAMPs may adopt distinct subsets of conformations, and
a HAMP2 conformation may only be accessible to divergent
HAMPs. Additionally, protein conformations can change due to
constraints of the crystal lattices. However, the similar conforma-
tions observed between the NMR structure of Af1503 and the
crystal structures of HAMP1 and HAMP3 suggest, at aminimum,
that the in-register four-helix bundle is an important signaling
state accessible to all HAMP domains. Furthermore, the func-Structure 18,tional importance of HR2 is best rationalized in the context of
the HAMP2 conformation. Also, similar heptad discontinuities
at the output helices of canonical and poly-HAMPs suggest
that these modules function similarly. It follows that the distorted
HAMP2 conformation would represent the opposing low-energy
signaling state. Although extrapolation of the Aer2 structure into
a model for the functional dynamics of HAMP domains is at
this point conjectural, the range of structural oscillation may lie
somewhere near or between the two observed conformations.
Global Restructuring
As mentioned before, not all inputs to HAMP need necessarily
involve a vertical helix displacement. The rearrangements that
relate HAMP2 to HAMP1/3 can best be thought of as a global
restructuring of the domain in which vertical helix displacements
are coupled to helix rotations, tilts, and repacking of the con-
nector. Any perturbation or interaction that favors the helix posi-
tions in one conformation over the other could, in principle, shift
the equilibrium between states. In this context, structural pertur-
bations delivered to HAMP could be asymmetric or symmetric,
provided they preferentially stabilized one of the signaling states.
The extensive subunit contacts displayed by HAMP domains
ensures that asymmetric signals convert to a symmetric restruc-
turing of the dimer. These inputs could include varying degrees
of helix shifts and rotations, as well as direct side-on interactions
from other domains, such as PAS, which is found in Aer-type
sensors.
Although not definite, we believe that the HAMP2 confor-
mation is most consistent with the kinase off state in MCPs
because: (1) vertical displacement of AS1 would couple to a436–448, April 14, 2010 ª2010 Elsevier Ltd All rights reserved 445
Figure 9. Model for HAMP Domain Signal Transduction
Schematic of a ligand-dependent, two-state (A and B) HAMP domain signal transduction model highlighting the movement and rotation of helices in a canonical
HAMP system and a poly-HAMP system. In the poly-HAMP system, successive AS1 helices are contiguous with the preceding AS2 helices. HAMP domain struc-
tural rearrangements correspond to a change in helical register, helix-helix crossing angle, and helix rotation. Asterisks denote stutters within HAMP domains.
Signal input is shown as a symmetric and downward piston-like displacement of transmembrane helix 2 (TM2), but either an asymmetric displacement or a helical
rotation of TM2 would likely lead to similar conformational changes within HAMP domains.
Structure
HAMP Domain Signal Transductionpiston motion of TM2; (2) the stutter in AS2 would kink and
destabilize the helices of the adaptation region, which correlates
with a kinase off state (Swain et al., 2009); and (3) mutations that
would destabilize a HAMP2-like state, such as replacement of
I241 (HR2) in Tsr with glycine or a charged residue (D, E, K, R),
resulted in a CW-locked (kinase-on) phenotype (Ames et al.,
2008).
HAMP signaling is known to be bidirectional, compatible with
adaptation responses through themethylation of chemoreceptor
output bundles (Hazelbauer et al., 2008) as well as the inside-out
signaling mechanism of LapD (Newell et al., 2009). The HAMP
domains presented here are N-terminal to the PAS domain and
not in the linear path from the PAS domain to the downstream
signaling domain. However, preliminary evidence indicates that
HAMP2 and HAMP3, but not HAMP1, are required for proper
Aer2 function (K.J.W., in preparation). We are actively pursuing
this area of research to elucidate HAMP domain function and
signaling in the context of soluble receptors.
Conclusion
The structure of an N-terminal fragment of the soluble receptor
Aer2 has expanded the known examples of accessible HAMP
conformations from one to four. HAMP2 represents a novel
four-helix bundle and connector arrangement whose unique
structure provides the basis for a two-state model of HAMP
signaling that involves a complicated set of structural rearrange-
ments. The two conformations we implicate in signaling are446 Structure 18, 436–448, April 14, 2010 ª2010 Elsevier Ltd All righdistinguished by changes in helical register, crossing angle, rota-
tion, and likely dynamics. The conformational differences are
greatest at the C-terminal output region, where the rhombic
distortion of HAMP2 is most dramatic. Interconversion would
shift a stutter on either side of connecting helical junctions,
and could serve as an output mechanism. Moreover, a vertical
displacement or rotation of AS1 caused by like movements in
preceding N-terminal domains could readily induce the confor-
mational switch. Overall, complex remodeling of the HAMP
domain could be exploited to send signals to C-terminal output
domains or through concatenated poly-HAMP chains.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
HAMP1–3 comprising residues 1–172 of the gene encoding Pseudomonas
aeruginosa PAO1 Aer2 was cloned into the pET28a vector between NdeI
and XhoI restriction sites, which added a cleavable N-terminal His tag.
For overexpression, the plasmid was transformed into BL21 (DE3) cells, grown
at 37C in Luria broth (LB) to OD600 = 0.6, and incubated with 100 mM IPTG at
23C for 6 hr before harvesting cells. Protein was purified using an Ni-NTA
column following the manufacturer’s recommended protocol (QIAGEN). After
thrombin digestion, His-tag-free protein was applied to a Superdex 75 26/60
HiPrep column equilibrated with 20 mM Tris (pH 7.5), 50 mM NaCl. Concen-
trated protein was aliquoted, flash-frozen, and stored at 80C.
To generate selenomethionine (Se-Met) protein, the Aer2 plasmidwas trans-
formed into B834 (DE3) cells, which are auxotrophic for methionine. An over-
night culture in LB was spun down and washed twice with autoclaved water,
and then added to M9 minimal media supplemented with 19 standard aminots reserved
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HAMP Domain Signal Transductionacids and L-selenomethionine (50 mg/L). All Se-Met purification buffers con-
tained 10 mM dithiothreitol, and Se-Met protein was purified otherwise as
described for the native protein.
Crystallization and Data Collection
Crystals of native Aer2 1–172 protein (20 mg/mL) were grown by vapor diffu-
sion against a reservoir containing 1.1 M Li2SO4, 15%–18% glycerol, and
0.1 M Tris (pH 8.5) overnight at room temperature. Se-Met Aer2 1–172 protein
(60mg/mL) crystallized in the same space group (P43212) against a reservoir of
1.35 M (NH4)2SO4, 12%–15% glycerol, 0.1 M Tris (pH 8.5). Solutions contain-
ing 1.25 M Li2SO4 or 1.5 M (NH4)2SO4, 18% glycerol, 0.1 M Tris (pH 8.5) were
used as cryoprotectants. Native diffraction data were collected at the
Advanced Photon Source (APS) NE-CAT 24-ID-E beamline on an ADSC
Quantum 315 CCD. MAD data were collected at the Cornell High Energy
Synchrotron Source (CHESS) F2 beamline on an ADSC Quantum 210 CCD.
Data were processed with HKL2000 (Otwinowski and Minor, 1997).
Structure Determination and Refinement
Diffraction data for Se-Met protein were processed with SOLVE (Terwilliger
and Berendzen, 1999) and RESOLVE (Terwilliger, 2000) to generate initial elec-
tron density maps based on anomalous diffraction from Se-Met sites (figure of
merit = 0.73, resolution cutoff = 3.42 A˚). The structure was built into initial maps
with Xfit (McRee, 1999) and then used for refinement against the high-resolu-
tion native data set (Brunger et al., 1998). Structure refinement was carried out
using CNS, amid cycles of manual model building, minimization, B factor
refinement, and solvent molecule placement, to produce the final model
(R factor = 23.7%, Rfree = 27.0%) (Table 1).
Superposition of HAMP Structures
Superpositions of the Aer2 and Af1503 HAMP domains were carried out using
(1) Ca atoms of AS1, AS10, AS2, and AS20 helices or (2) Ca atoms of AS1 and
AS10, with the two giving similar results. For optimal clarity, all figures are
shown from the superposition of AS1 and AS10 Ca atoms.
Threading, Energy Minimization, and Energy Determination
The Rosetta Design program was used to generate and calculate all threaded
sequences and their corresponding energy scores. The conformation of each
side chain was determined by sampling all rotamer conformations on a fixed
backbone and calculating the corresponding energies of all combinations.
The rotamer combination with the lowest score was taken as the final model
and represents final overall score reported. The Rosetta Design energy func-
tion calculates threading scores by evaluating a number of factors. These
factors include attractive and repulsive Lennard-Jones potentials, solvation
(Lazardis-Karplus solvation model), internal energy of side-chain rotamers
(from Dunbrack’s statistics), intraresidue clashes, salt bridges, 4 and c angles
(Ramachandran preferences), hydrogen-bonding interactions, and void
volume of residues (tightness of packing).
Sequence Analysis
Sequence alignment of Aer2, Af1503, Tar, and Aer HAMP domains was gener-
ated using ClustalW in MegAlign (DNASTAR) and manually adjusted as
presented. Homologs of Aer2 1–156 (HAMP1–3) and 63–156 (HAMP2-3) were
identified using pBLAST against the nr database (nonredundant protein
sequences) (Altschul et al., 1997) and returned 132 homologous protein
sequences. An alignment of the top 100 sequences homologous to Aer2
63–156 (E value cutoff = 4 3 105) was generated using ClustalW and used to
visualize HAMP2-3 sequence conservation in aWebLogo (Crooks et al., 2004).
Sequence alignment of the AS2/AS1 and AS2/OH junctions of various
HAMP proteins was generated using ClustalW. Heptad positions were deter-
mined using the program TWISTER (Strelkov and Burkhard, 2002). TWISTER
first assigns the heptad positions ‘‘a’’ and ‘‘d’’ based on orientation relative
to the supercoil axis. Remaining positions are determined based on these
initial assignments.
Solvent Exposure
Solvent exposures of each HAMP domain were calculated using the CCP4
program AREAIMOL (CCP4, 1994), which determines the solvent accessibilityStructure 18,of all atoms in a protein structure based on proximity to neighboring atoms and
summarizes the data per residue.
ACCESSION NUMBERS
Atomic coordinates and structure factors have been deposited in the PDB
(http://www.pcsb.org) under the accession code 3LNR.
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Note Added in Proof
We wish to make readers aware of an upcoming review by John S. Parkinson
on HAMP domain structure and function (Annu. Rev. Microbiol., 2010) that
addresses stutter compensation.ts reserved
